Purpose We aim to describe a mechanism of failure in magnetically controlled growth rods which are used for the correction of the early onset scoliosis. Methods This retrieval study involved nine magnetically controlled growth rods, of a single design, revised from five patients for metal staining, progression of scoliosis, swelling, fractured actuator pin, and final fusion. All the retrieved rods were radiographed and assessed macroscopically and microscopically for material loss. Two implants were further analysed using micro-CT scanning and then sectioned to allow examination of the internal mechanism. No funding was obtained to analyse these implants. There were no potential conflicts interests. Results Plain radiographs revealed that three out of nine retrieved rods had a fractured pin. All had evidence of surface degradation on the extendable telescopic rod. There was considerable corrosion along the internal mechanism. Conclusions We found that a third of the retrieved magnetically controlled growth rods had failed due to pin fracture secondary to corrosion of the internal mechanism. We recommend that surgeons consider that any inability of magnetically controlled growth rods to distract may be due to corrosive debris building up inside the mechanism, thereby preventing normal function.
Introduction
Lateral spine deformation in paediatric patients aged less than 10 years is diagnosed as the early onset scoliosis (EOS) [1] . If the condition is left untreated, this spine deformation worsens, affecting not only development and growth, but also lung function [2] . The latter result in cardiorespiratory problems and often mortality [3] . Treatment can either be surgical (use of spine implants) or nonsurgical (casting and bracing), depending on the age of the patient and the severity of EOS [4, 5] .
Spinal rods used for the surgical treatment of the EOS are divided into two categories: (1) traditional growing systems (that require a small incision to manually lengthen the rod) and (2) magnetically controlled growth rods (MCGRs) that are lengthened through the use of an external magnet. MCGRs are gaining in popularity among patients and surgeons as they are the least invasive technique for patients with a high degree scoliosis [6] [7] [8] [9] [10] [11] , both for primary operations and conversion cases from the traditional growing rods [12] . Once implanted (see Fig. 1 ), MCGRs are elongated non-invasively every 3 months using an external remote controller (the external magnet) in an outpatients' clinic, while the patient is conscious. The lengthening procedure lasts approximately 40 s per rod and the total length is measured using a plain radiograph [8] . Recent studies have also investigated the reliability of other imaging modalities, including ultrasound [13] [14] [15] .
Recently, one paper with two case reports was published suggesting that the internal mechanism of a certain design of spinal rod (MAGnetic Expansion Control, Nuvasive Inc.) can fracture, resulting in the failure of the lengthening mechanism [16] . This is further supported by a 4 year follow-up study that included one case of a fractured pin within the rod [17] . This mechanical distraction failure was also noted in a special article for the device [18] . Comparison between primary and conversion cases showed no significant difference regarding the complications, where in five primary patients and 1 conversion patient (p = 0.20), the rods failed to distract [12] . No official data have been published for revision rates of this design; however, it is estimated that unplanned revision reaches 22% of the cases, based on figures presented at Annual Meeting of the British Scoliosis Society [19] .
The aim of our study was to (1) determine the prevalence of MCGRs that had failed due to a fractured pin in our retrieval collection and (2) understand the mechanism of failure.
Materials and methods
This was a retrospective study involving nine retrieved MCGRs, received between 2015 and 2016 from five patients, three hospitals, and three surgeons. All implants were the same design (MAGnetic Expansion Control, Nuvasive Inc.).
Implants were retrieved from 4 females and 1 male with a median (range) age of 10 (9-12) years with a median (range) time of implantation of 25.5 months (18-32), Table 1 . Six of the MCGRs were deemed thee arly revisions due to patient reactions to the implants (black staining of the skin on the back, swelling, and progression of scoliosis). 1 was removed for a fractured actuator pin visible on pre-revision radiographs and 2 were removed to accommodate final fusion.
Plain radiographs
We hypothesized that the failure of the MCGRs was caused by fracture of the pin in the actuator. Our primary outcome measure was evidence of pin fracture on plain radiographs taken of the explanted device [16] , Fig. 2b , c.
Macroscopic inspection
All implants were visually assessed for macroscopic signs of material loss, using an adaptation of a published grading score (from 0 to 3, see Table 2 ) [19] . The score was used for classifying the signs of corrosion for spine rods at junctions with hooks and connectors. Rods were divided into five regions of interest which were individually assessed for surface damage and scored from 0 (no sign of damage) to 3 (severe metal loss). Junctions, bent regions, and the full length of the actuator were selected as sites of interest, Fig. 3 .
Microscopic inspection
Microscopic analysis of the rods was carried out using a Keyence VHX-700F series (Keyence Co., Japan) digital microscope, with a magnification range of 209 to 10009.
Detailed forensic analysis of the internal mechanism
We selected one rod that had clear evidence of pin fracture and one in which the pin was intact. We performed detailed forensic testing, including Micro-CT (mCT), mechanical sectioning, optical microscopy, scanning electron microscopy (SEM), and Energy Dispersive X-ray Spectrometry (EDX).
Micro-CT
mCT was performed on the two selected rods using a Nikon Metrology 225 Micro-CT Scanner. Each rod had two separate scans, one at the proximal and one at the distal Fig. 2 a High power radiographs of two retrieved MCGRs. In rod 1A, the internal mechanism is no longer in place (indicated by the red arrow), while rod 1B appears intact. b Plain radiographs of four retrieved rods, all of them appear intact. c Plain radiographs of three retrieved rods, two of them having a fractured mechanism as indicated by the red arrows, while the rest remains intact end of the MCGR. Each scan contained 835 frames that were reconstructed using the Nikon Metrology software.
Mechanical sectioning
The MCGRs were secured by a collet and sectioned using an undercut tool made of tungsten carbide with a width of 1.2 mm. mCT imaging was used to identify the areas of interest within the MCGR, as well as the best sites to section the implant to ensure that the internal mechanism was not damaged during the sectioning.
SEM/EDX
A scanning electron microscope (Hitachi S-3400 N) was used for a further detailed microscopic analysis of the retrieved components using 15 kV at a working distance of 10 mm. Energy Dispersive X-ray Spectrometry (Oxford Instruments) was used in combination with the SEM to identify the elemental composition.
Results

All implants
Plain radiograph
Plain radiographs showed evidence of dislocation of the thread mechanism of the telescopic components in three cases. 
Macroscopic inspection
All retrieved implants showed signs of surface degradation on the extendable telescopic rod on regions that had been extended during the lengthening procedure and showed surface damage in two predominant patterns (see Fig. 4a c). All implants showed some evidence of scratches attributed to surgical tools used during implantation and revision surgery. The results of grading the areas of interest in terms of surface damage are shown in Table 3 . Table 4 presents the findings from the macroscopic inspection (type of pattern at the junction) with the results from the radiographs (fractured or not mechanism). All rods with fractured pins had the same wear pattern at the junction, removing a larger area of the surface layer than the MCGRs with an intact internal mechanism.
Microscopic inspection
All implants showed signs of pitting and fretting on areas of the rod exposed during distraction, Fig. 5a -c.
Forensic analysis of two selected rods
Micro-CT MCGR with fractured pin-mCT of the MCGR showed the drive shaft had become disengaged from the magnet, Fig. 6 . Fragments of the pin were located around the ball bearing and had fractured into two pieces. Two of the fragments were located within the plain ball bearing with the remaining four on top, Fig. 6a . MCGR with intact pinmCT confirmed that the magnet and the drive shaft were still engaged, with the pin in place, Fig. 6c .
Mechanical sectioning
The MCGR with the fractured pin was sectioned in two areas: (1) one to allow access to the site of the fractured pin and (2) the other to access the thrust ball bearing and magnet within the sleeve, Fig. 7a , b. We found that the pin was fractured into six pieces, and once sectioned, the pieces were located in the same region, Fig. 6a , b. Visual and microscopic inspection showed debris and deposits on the bearings (see Fig. 8a-d) . The lengthening component of the rod was inseparable from the caudal part of the implant, unable to move due to large build up of debris, Fig. 9 .
The intact rod was sectioned in two parts, to reveal the train drive mechanism, which is not visible at the failed rod, Fig. 10a . There were also signs of debris at the interior of the intact rod although not in the same quantity as the pin fractured rod, Fig. 10b , c.
SEM/EDX
SEM confirmed the presence of debris on the pin, on the train drive mechanism and on the exterior lengthening rod. The fractured surfaces of the actuator pin were rough with no clear indication of the exact location of fracture initiation. The rough morphology of the fractured areas did not account for any fatigue-related cracking. EDX analysis suggested that the pin was made of ferritic stainless steel, but was highly corroded (Fig. 11-c) ; we found traces of sulphur (0.2%), calcium (0.12%) and titanium (Fig. 11c) . Specifically, oxygen amount was more than double on the corroded regions of the actuator pin compared to the original areas (60 versus 30%). On the corroded region, we noticed a tenfold decrease of the amount of iron and a fivefold reduction of the chromium content compared to non-corroded areas. The presence of titanium (5%), aluminium (0.4%), and vanadium (0.4%) suggested transfer of metal debris from mechanical wear of the rod to the actuator pin. We confirmed that the rod (Fig. 12a, b ) and the drive mechanism (Fig. 13a-c) were made of titanium alloys and that both had evidence of corrosive products containing sulphur (0.15 and 0.6%, respectively), iron (1% in the case of the rod), phosphorus (6 and 0.4%, respectively), and calcium (Figs. 12b, 13c ). EDX analysis of the debris on the drive mechanism revealed the presence of sodium (0.6%), potassium (0.2%), and chlorine (0.4%), confirming the presence of body fluids inside the magnetic rod.
Discussion
The use of MCGRs for the treatment of EOS is increasing in popularity as it is non-invasive (post implantation) way and is a less traumatic experience for young patients compared to the traditional growing rods [10, 11, [20] [21] [22] . A recent clinical study suggests that patients previously treated with the traditional growing rods can be converted to MCGRs with comparable positive results [12] . Clinical cases reporting pin fracture and failure to distract have been published over the last 2 years [11] [12] [13] [14] [15] ; this is the first retrieval paper using state-of-the-art forensic analysis to determine the mechanism leading to pin fracture. We examined nine retrieved MCGRs and found that a third of them had a fractured pin. The surface damage seen on the extendable telescopic component of all implants we examined suggests that this surface is being scratched by the lip of the sleeve during the lengthening procedure. The pattern of the damaged surface on the MCGRs with intact pins is different to the pattern of the damaged surface of the MCGRs with fractured pins. The regularity of the distribution of scratches in MCGRs with intact pins (Fig. 4c) likely reflects the number of distraction therapies. In contrast, the irregular patterns of surface damage (Fig. 4a, b) were only seen in cases with fracture of the pin. The surface damage seems to be linked to the bending moment.
We speculate that the gap between the telescopic component of the rod and external shell allowed for fluid ingress into the interior of the actuator in all rods. Evidence of both biological and corrosive debris on the thread mechanism supports the hypothesis of fluid ingress. Analysis of this debris (Fig. 13a) showed a high amount of TiO 2 which the surface of the MCGR is comprised of. This included traces of sulphur, iron, phosphorus, and calcium, suggesting a corrosive origin of the debris. The fluid ingress and the debris build up inside the actuator is likely to have resulted in increased the friction between the moving components of the actuator, while, at the same time, reducing its capability to distract. We suggest that the combination of these two mechanisms could lead to the fracture of the actuator pin. Reports on different failure modes of spinal devices have been published [23] , which are caused by fatigue during clinical use, in contrast to the findings in this paper which are mainly implant related.
The most current update from National Institute of Health and Care Excellence (NICE) states that there have been only two alterations to the original design of the MCGR [9] ; in 2010, the addition of a keeper plate to prevent the internal magnet from rotating, and in 2012, the A recent 4 year follow-up mentioned the company's intention to increase the pin's diameter [15] . However, we could not find any design updates regarding the shielding of the internal mechanism from fluid ingress. Future study of periprosthetic tissue will determine whether corroded material migrated from the internal mechanism to the outside. This paper offers further insights into the mechanism of pin fracture and distraction failure, but does not compensate for all modes of failure of the rods. It is important to understand more about the potential patient (underlying diagnoses and curvatures) and surgical (distraction techniques and protocols) risk factors of these cases with pin fractures to give more insight as to why and how this has occurred.
Conclusion
This is the first retrieval study to investigate the mechanisms of failure in MCGRs. We examined a series of nine retrieved rods and found that a third had failed due to pin fracture secondary to corrosion of the internal mechanism.
We recommend that surgeons consider that any inability of MCGRs to distract may be due to debris building up inside the mechanism, thereby preventing normal function. 
